A three-dimensional (3D)-type MEMS optical switch with low insertion loss and low assembly cost has been developed. The switch consists of two optical beam scanners placed facing each other. Each scanner consists of a collimator array and two mirror arrays. The scanner controls the direction of each optical beam by means of two single-axis mirrors. The mirror arrays are fabricated by MEMS technology and contain holes through which the beam traverses in each mirror array. The mirror arrays are stacked directly on the collimator array, which is passively aligned using pins and alignment holes. Based on this structure, a prototype 32-port (with three extra ports) optical switch was developed. Measured insertion loss of six arbitrary paths in the switch is in the range of 1.5 -1.9 dB. It is thus concluded that a 3D-type optical switch assembled by wholly passive alignment with lower insertion loss than 2 dB is feasible.
Introduction
In optical network systems, switch devices are used for protection and restoration, bandwidth provisioning, wavelength add/drop, and so on. Conventional electrical switches require electronics for conversions between op-tical and electronic signals, and for electrical switching. These electronics are dependent on data rates and protocols, so when the systems are updated, the electronics must be replaced. Moreover, the electronics becomes expensive and consumes much power as data rate increases. All-optical switching has been paid much attention recently because it does not require this optical-electronic conversion.
MEMS (micro electro-mechanical systems)-type optical switches (1) - (7) have received much attention recently. Collimator arrays generating collimated optical beams are used as input and output ports. The paths of the beams are changed by movable micro mirrors. MEMS technology is suitable for manufacturing highly integrated movable mirrors. Besides, a MEMS-type switch has lower insertion loss because the beams propagate in free space.
To bring about commercialization of a MEMS-type optical switch, reasonable cost and low insertion loss are strongly required. Low insertion loss leads to cost reduction of optical communication systems, because it can reduce the use of optical power amps, which are still expensive. However, a MEMS-type optical switch still needs delicate alignment of collimators and mirrors, which results in high manufacturing cost and low yield rate.
In the view of the alignment cost, a 3D-type MEMS optical switch has the merit that mirror positions can be adjusted to obtain the lowest insertion loss even after assembly, because it uses analog-control mirrors. Paying particular attention to this point, the authors has developed a 3D-type MEMS optical switch with low insertion loss and low assembly cost by wholly passive alignment.
Structure of MEMS Optical Switch
There are two types of MEMS optical switch: two- As shown in Fig. 1 , the 2D-type switch (1) - (3) has N × N digital mirrors for N input and N output ports. For each input port, an output port to be coupled is determined by selecting which mirror is in "on" state. The 3D-type switch (4) - (7) , shown in Fig. 2 , has two mirror arrays each having N analog mirrors. An input mirror directs a beam to an appropriate output mirror, and the output mirror then directs the beam to the corresponding output port. The 3D-type switch requires fewer mirrors than the 2D type, but it needs an expensive system for analog control of the mirrors. It has thus been considered that the 3D type is suitable for port counts of 32 or larger. However, in the current study, both types are discussed from other points of view, namely, low insertion loss and low assembly cost.
The main sources of insertion loss in both switch types are listed below.
( a ) Variation in optical path lengths ( b ) Variation in position and angle of the incident optical beam into the output fiber ( c ) Clipping of optical power at the mirror boundary ( d ) Roughness and warping of mirror surfaces With respect to the 2D-type switch, optical path lengths vary according to the combinations of input and output ports. This variation increases as the number of ports increases. Moreover, to reduce the loss dependent on source (b) listed above, all collimators and mirrors must be precisely aligned. Their positions cannot be adjusted after assembly, so it is difficult to keep high yield rate of manufacturing.
In contrast to the 2D-type switch, the 3D-type switch has almost uniform optical path lengths independent of port counts. In regards insertion-loss source (b), the mirror angles of the 3D-type switch can be adjusted after assembly to the position that gives the lowest insertion loss. However, precise alignment is needed between a collimator array and a mirror array to reduce loss dependent on source (c). The beams emitted from the collimator ar-ray suffer a certain amount of dispersion in direction, so it must be checked carefully that all beams are positioned accurately onto the corresponding mirrors.
To solve the problems described above, we have developed a 3D-type switch with an original structure for enabling low insertion loss and passive alignment. The structure of the developed switch is shown in Fig. 3 . The switch consists of two optical beam scanners facing each other. Each scanner contains a collimator array and two mirror arrays. The optical beam emitted from each input port is reflected by each pair of single-axis mirrors, passes through the two holes fabricated on the mirror arrays, and exits forward of the collimator array. This structure enables two mirror arrays to be directly aligned on the collimator array by means of pins and alignment holes. Moreover, because of the short distance between the collimator and the two mirrors, variation in the beam position at the mirrors, caused by misalignment of the collimator, does not become large. Insertion loss dependent on source (c) can thus be reduced.
A Prototype 32-Port Optical Switch
A prototype 32-port optical switch with above- described structure for applications such as cross connects and add/drop modules in metro-networks was developed. Figure 4 shows a view of the developed optical beam scanner. The scanner has an array of 7 × 5 ports, and the 32-port optical switch (with three extra ports) consists of two of the scanners.
1 Collimator array
The 35-port collimator array is composed of 35 single-collimators arranged by inserting them in alignment holes fabricated in a holder named the "hole array." The collimators are precisely arranged, namely, the variation in direction of all the beams emitted by the collimators is less than ±0.3 degrees. Each collimator consists of a cylindrical collimator-lens attached to an optical fiber. Insertion loss is less than 0.5 dB when two of the collimators are coupled at a distance in the range of 120 -160 mm.
2 Mirror array
A gap-closing-type electrostatic-actuation mechanism is used for moving the mirrors. Figure 5 shows views of the mirror substrate and the electrode substrate that make up the mirror array. The mirror substrate has 35 pairs of mirrors and through-holes. A pair of torsion beams functions as a rotation axis. The electrode substrate has two electrodes for actuating the mirror and a throughhole for each port.
A cross-sectional view of the mirror array is shown in Fig. 6 . By charging the electrode, the mirror is rotated by electrostatic force. An appropriate gap is given with a spacer inserted between the mirror substrate and the electrode substrate.
The mirror substrate is manufactured by bulk micromachining technology using a SOI (silicon-on-insulator) wafer, which has a thin silicon layer of 10 µm and a thick one of 350 µm, and a buried oxide layer of 0.4 µm. First, the mirrors and torsion beams are fabricated in the thinner silicon layer. After that, the backside of the mirrors in the thicker silicon layer and the oxide layer is etched out, there by the mirror is released. The through-holes are fabricated with the mirror in the same process. Finally, gold/titanium Fig. 6 Cross-sectional view of the developed mirror array Fig. 7 Structure of the mirror arrays thin films are sputtered on both surfaces of the mirror substrate. The films are used as a reflection surface and electrodes for actuation. The thicknesses of the films on both surfaces are kept the same so as to balance the inner stress of the films, so warping of the mirrors (which increases insertion loss) is reduced. A deep reactive-ion etching (DRIE) is used for fabricating the mirrors and throughholes in the silicon layers.
The electrode substrate is made of a normal silicon wafer. The electrodes are patterned in gold/platinum/ titanium thin films deposited by electron-beam evaporation on an oxide layer. The through-holes are also fabricated by DRIE.
As shown in Fig. 7 , the two mirror arrays are piled up on the collimator array facing each other, with a spacer making a gap between two mirror arrays. The beam emitted from the collimator passes through the first holes in mirror array 1. It is then reflected by the first mirror in mirror array 2 and the second mirror in mirror array 1. Finally, it exits by passing through the second holes in mirror array 2.
For three-dimensional scanning of the beam, the first mirror and the second mirror are single-axis mirrors whose axes cross each other. In this two-mirror-configuration, the combination of a two-axis mirror and a stable mirror can also be used. Typical structures of a single-axis mirror and a two-axis mirror are shown in Fig. 8 . In spite The main difficulty with this two-single-axis-mirror structure is that the positions of the beam at the second mirror and the second hole are deflected because the direction of the beam moves by rotation of the first mirror (8) . The second mirror and the second hole must thus be made larger to avoid insertion loss dependent on clipping of optical power. As a result, arrayed density of the mirrors becomes lower. It makes the total design of the optical switch difficult, because the mirrors must have a larger rotation angle, which results in higher voltage being required or mirror actuation becoming slower.
To reduce this difficulty, layouts of mirrors and through-holes are considered to maximize the arrayed density. As shown in Fig. 9 , when the optical beam is moved in the y direction at the first mirror, the size increase of the second hole in the y direction is twice that in the x direction. If the beam is moved in the x direction at the first mirror, the second mirror becomes larger in the x direction, which increases the distance between Fig. 9 Problem of single-axis mirror combination Fig. 10 Assembly mechanism of the developed 3D-type optical switch the first mirror and the second hole (Px). Accordingly, the beam-propagation distance between the two mirror arrays (d) increases, so the size increases of the second hole in both directions become larger. According to this consideration, the directions of the axes of the first and the second mirrors are determined as shown in Fig. 9 . In addition, the inclination angle of the collimators is optimized to minimize the distance Px.
As a result of the above conditions, the mirrors and the holes could be arranged densely in the area of about 23 × 16 mm, so all 35 ports were coupled within a mirror rotation angle of four degrees. Figure 10 shows how the beam scanner is assembled. All the mirror substrates, the electrode substrates, and the spacers have alignment holes. And they are stacked on the hole array, which also has alignment holes, by means of alignment pins that go through the alignment holes of all the parts. With this alignment mechanism, misalignments of the parts are not cumulative, and the parts can be assembled passively without any expensive equipment. The mirror arrays are fixed between the hole array and a cover plate fastened with bolts. Springs are located under the cover plate so as to fix the mirror arrays with a constant force. Flexible printed circuit boards (FPCs) are used for the wiring from the electrode substrates. They are attached to the electrode substrates and wire-bonded before being assembled with the collimator array. Also, the mirror substrates are connected electrically to ground wire through the center spacer. The misalignments of all the substrates were measured as within 17 µm, which was small enough compared with the size margin (50 µm) allocated to the mirrors and the holes.
3 Assembly

Test Results
A beam-scanning test of the developed switch was conducted as shown in Fig. 11 . First, the laser was inserted into corner input port Pi11. An optical beam emitted from port Pi11 was directed to the corresponding output port, Po11, under the condition that the first mirror and the second mirror that reflect the beam were not rotated. By ro-tating the first mirror, the beam was directed upwards to corner port Po17. Then, by rotating the second mirror, the beam was directed up to corner port Po57. The combination of input port Pi11 and output port Po57 represent the furthest-apart combination and require the largest rotation angles of both the first and second mirrors; thus, all other combinations of coupled input and output ports can be considered possible.
An optical coupling test was conducted as follows. As shown in Fig. 11 , insertion losses of the developed switch were investigated with optical paths between two ports of the input scanner, by reflecting the beams back at the center of the paths. An infrared laser was divided into two lines by a 50% coupler. Insertion loss was determined by measuring laser-power reduction of one line after inserting the switch. The other line was used as a reference to compensate instability of the laser power source. The measured insertion losses of six paths shown in Table 1 were in the range of 1.5 to 1.9 dB. This insertionloss range is low enough, even though there are twice as many mirrors reflecting the beam as those in a conventional 3D-type switch. It is thus considered that warping and roughness of the mirrors are sufficiently small. This means that a 3D-type optical switch assembled by wholly passive alignment and with lower insertion loss less than 2 dB is feasible.
Moreover, the developed beam scanner has good beam-scanning characteristics. In particular, because the two movable mirrors can be controlled independently, straight scanning is easily achieved. The scanner is thus suitable for applications such as laser displays.
Conclusion
A 3D-type MEMS optical switch with low insertion loss and low-cost assembly has been developed. This switch consists of two optical beam scanners placed facing each other. Each scanner consists of a collimator array and two mirror arrays. The direction of an optical beam generated from each collimator is controlled by a pair of single-axis movable mirrors whose axes cross each other. And the beam goes through two holes fabricated in each mirror array. As a result of this structure, the mirror arrays can be aligned passively on the collimator array with pins and alignment holes. Moreover, insertion loss by clipping of optical power on the mirrors can be reduced, because the distances from the collimator to the mirrors are short.
Based on the above-described structure, a prototype 32-port (with three extra ports) switch was developed. The mirrors were fabricated by bulk micro-machining technology, and moved by gap-closing-type electrostaticactuation mechanism. The mirrors were arranged densely in a 7 × 5 array to enable coupling between all input and output ports within a mirror rotation angle of four degrees. The switch could be assembled by wholly passive alignment without the need for any expensive equipment for the alignment. Insertion losses of six arbitrarily selected optical paths were in the range of 1.5 -1.9 dB. It is thus concluded that a 3D-type optical switch assembled by lowcost passive alignment with lower insertion loss than 2 dB is feasible.
